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SUMMARY  
This paper investigates cooling energy performance of commercial building before and after 
green roof and living wall application based on integrated building heat gain model developed 
from Overall Thermal Transfer Value (OTTV) of building wall and steady state heat transfer 
process of roof in sub-tropical climate. Using the modelled equation and eQUEST energy 
simulation tool, commercial building envelope parameters and relevant heat gain parameters 
have been accumulated to analyse the heat gain and cooling energy consumption of 
commercial building. Real life commercial building envelope and air-conditioned load data 
for the sub-tropical climate zone have been collected and compared with the modelled 
analysis. Relevant temperature data required for living wall and green roof analysis have been 
collected from experimental setup comprised of both green roof and west facing living wall. 
Then, Commercial building heat flux and cooling energy performance before and after green 
roof and living wall application have been scrutinized. 
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1 INTRODUCTION 
Building energy consumption accounts for approximately 20% of Australia's greenhouse gas 
emissions, split evenly between homes and commercial buildings (COAG, 2010). In case of 
commercial building, air-conditioning consumes nearly 21% of total commercial energy 
consumption in Australia (CIE, 2007). Reduction of air-conditioned load of commercial 
buildings depends on reduction of their heat gain. OTTV is a method of determining average 
heat gain of building through its envelope considering all building heat gain components. 
Chua and Chou (2010) evaluated Envelope Thermal Transfer Value equation (ETTV) from 
OTTV for Singapore and showed relationship with air-conditioned load. OTTV has been used 
in different climate zones of the world for heat gain and air-conditioned load estimation 
(Yang, et al. 2008, Chirarattananon and Taveekun, 2004). But OTTV of different types of 
building has not been used in Building Code of Australia (BCA, 2011). Hui (1997) identified 
that OTTV sometimes limit the design freedom for architects, innovations and challenging 
work. However, OTTV is one of the simplest methods to predict the energy demand of 
building and provides the option to control the energy use during design stage (Chow and 
Yu,1998). Chow and Yu (1998) analysed OTTV for envelope with concrete and glass roof. 
However, Roof Thermal Transfer Value (RTTV) can be applied if skylight is present in roof 
as the study is limited to opaque roof due to replacement of window to wall ratio by skylight 
to roof ratio. Suehrcke et al., (2008) examined the effect of roof solar reflectance on the 
building heat gain based on steady state heat transfer rate of roof in hot climate. However, the 
air-conditioned load corresponding to steady state roof heat gain has not been analysed. Green 
roofs (extensive or intensive) and living walls (internal or external) are emerging technologies 
that can be used to improve thermal performance of building (BEDP, 2008). Ip et al., (2010) 
examined the shading performance of vertical deciduous climbing plant canopies in UK while 
Kontoleon et al., (2010) analysed the thermal performance of plant covered building wall. 
Getter et al., (2011) determined seasonal heat flux of extensive green roof in Midwestern US 
and Wong et al., (2003) examined the energy consumption, based on RTTV of commercial 
building with rooftop garden. However, cooling energy estimation of commercial building 
with both green roof and living wall system has not been analysed. In this study, an integrated 
building heat gain model comprised of overall thermal transfer value (OTTV) of building wall 
and steady state heat transfer process of roof has been considered as a performance method 
for commercial building cooling energy estimation. Then, cooling energy performance before 
and after green roof and living wall applications have been analysed in the sub-tropical 
climate zone of Australia. 
 
2 PROCESS 
 
2.1 Methodology 
 
Design data based on building envelope and roof parameters for square commercial building 
and actual air conditioned energy consumption for 12 commercial building in sub-tropical 
climate of Australia was collected for analysis of heat gain and cooling energy estimation by 
the modelled equation and eQUEST energy simulation tool. Air gap temperature data of 
living wall and surface temperature of green roof was collected from designed experimental 
setup made up of Australian native plant at the University of Queensland (UQ), Gatton 
campus. Then, cooling energy performance of commercial building in presence of green roof 
and living wall application have been analysed.  
 
2.2 Analysis of heat gain and cooling energy estimation 
 
The total heat gain of building, Hg (W/m2) has been calculated based on integrated heat gain 
model comprised of weighted average OTTV of exterior wall area and steady state heat 
transfer process of roof as shown in equation (1). The required annual cooling energy 
consumption, Ec (MWh/yr) has been calculated based on cooling load estimation model of 
Chua and Chou (2010). The revised Ec has been calculated based on design factor comprised 
of average ratio of annual cooling load based on building integrated heat gain model divided 
by cooling energy consumption estimated by eQUEST as model shown in Fig. 1(a).
 
Then Ec 
is compared with actual consumption of existing commercial building to validate the 
estimation. 
 
Hg = [TDeq(1-WWR)Uw +∆T(WWR)Uf  + SF(WWR)(CF)(SC)] + Ur[(Ta-Ti)+αG/ho]           (1) 
 
Ec = (γ *At) *Hg * 24 (D) C/ ∆t (COP)n                   (2) 
 
Where, TDeq is equivalent temperature difference (0C), WWR is window to wall ratio, Uw is 
thermal conductivity value of wall (W/m2K), SF is solar factor (W/m2), CF is correction 
factor, SC is shading coefficient of fenestration, Ur is thermal conductivity value of roof 
(W/m2K), Ta is ambient temperature (0C), Ti is designed indoor air temperature (0C), α is 
absorptance of solar radiation, G is average radiation on a roof surface (W/m2), γ is Linear 
function, At is total area of envelope and roof, D is cooling degree days, C is multiplication of 
operating hours of building in day and in a week, ∆t is design indoor-outdoor temperature 
difference (0K), COP is coefficient of performance of chiller, n is correction factor for chiller, 
ho is outside total heat transfer coefficient between roof and ambient (W/m2K). 
 
2.3 Experimental investigation of green roof and living wall  
 
Both the surface temperature of extensive green roof, Ts and the air gap temperature of 
external living wall,Tg has been measured in 30 minute intervals using thermometer probe 
with YC747UD and Tiny Tag Plus 2 data loggers from experimental setup comprised of 
Australian native plant as shown in Figure 1 (b). The equivalent temperature value for 
building with living wall has been estimated from equation (3) based on Lam, J.C. et al., 
(2008) model equation using Tg as an ambient condition for building wall. ho for green roof 
has been estimated as per equation 4 (Suehrcke H. et al., 2008) using Ts. Then required annual 
cooling energy for commercial building after green roof and living wall application has been 
analysed considering design factor and using equations 1 and 2 in the sub-tropical climate 
zone of Australia. 
 
TDeq = (Tg –Ti) + [α x Rso x avg (SF)]                  (3) 
 
ho = hc + hr (Ts-Tsky)/( Ts-Ta)                  (4) 
 
Where, Rso is surface resistance, Tsky is sky temperature (0C), hc is heat transfer coefficient 
between roof and ambient (W/m2K), hr is radiative heat transfer coefficient between roof 
surface and sky (W/m2K). 
 
 
(a)      (b) 
 
Fig. 1 (a) A model building in eQUEST building energy software  
 (b) A schematic diagram of experimental setup of green roof and living  
      wall combination at the UQ, Gatton campus 
 
3 RESULTS  
 
3.1 Commercial building heat gain (Hg) and cooling energy consumption (Ec) in sub-
tropical climate of Australia  
 
Using the collected data of 12 commercial building, the relationship of mathematical 
calculated value of total heat gain (Hg) and calculated annual cooling energy consumption (Ec) 
has been found to be linear in the sub-tropical climate zone of Australia as shown in Figure    
2 (a). However, the deviation is present in total calculated cooling energy value when 
compared with the actual cooling energy consumption as shown in Figure 2 (b). The reason 
for the deviation is because the integrated heat gain model considers the external walls, roof 
and internal heat gain. Some variations of envelope parameters, occupancy schedule, 
A B 
operating hours and approximate value of some envelope parameters also affect actual Ec 
estimation. 
    
 
Fig. 2 (a) Cooling energy (Ec) against Heat gain (Hg)  
          (b) Cooling energy (Ec) comparison of building  
 
However, as the present model considers the roof heat gain, so the variation of cooling energy 
consumption between the calculated and actual consumption is found to be 5-6 %. The 
calculated annual cooling energy based on wall and roof area as considered in integrated heat 
gain model showed variations of 6-8 % with annual cooling energy calculation based on space 
area by eQUEST. On the other hand, annual cooling energy based on wall and roof area 
showed some variations with the targeted value of annual cooling energy based on net lettable 
area of commercial building in Brisbane; whereas Ec based on wall and roof area is far below 
the annual cooling energy of existing building benchmark of Brisbane as shown in Figure 3. 
 
 
 
Fig. 3 Annual cooling energy (KWh/m2pa) compared with design target and benchmark 
(AIRAH, 2007) 
 
3.2 Effect of green roof and living wall on cooling energy consumption (Ec) of 
commercial building in subtropical climate of Australia 
 
The peak air gap temperature of living wall has been identified from recorded temperature by 
data logger YC747UD and Tiny Tag Plus 2 in 30 minute intervals between 9 am to 4 pm at 
the UQ. From the recorded data of consecutive 35 days, it has been observed that air gap 
temperature of Living wall as shown in Figure 4 (a) is 2.6 to 3 0C less than the ambient 
temperature recorded by the nearest Bureau of Meteorology station (BOM) at the UQ. Again, 
the recorded surface temperature of green roof showed around 7 to 18 0C less than concrete 
roof in a clear sky condition as shown in Figure 4 (b). The calculated value of heat flux of 
west facing wall after living wall application provides the reduction around 6-8 W/m2 
whereas estimated heat flux in presence of a green roof is less than 10-15 W/m2 compared 
with concrete roof as demonstrated in Figure 5 (a). On average, total heat gain after 
application of living wall on west facing wall  and green roof on concrete roof  has shown a 
reduction of heat gain around 6 to 10 (W/m2) in a number of  building case studies as shown 
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in Figure 5 (b). Figure 6 (a) and 6 (b), illustrates that 112 to 155 MWh of cooling energy can 
be saved annually, 8-12 (KWh/m2pa) annual cooling energy area can be saved based on wall 
and roof area, while 9-14 (KWh/m2pa) savings can be made based on space area. However, 
the reduction would be greater if living wall was placed on east, north and south sides of 
building. 
 
 
  
Fig. 4 (a) Ambient temperature and peak air gap temperature of living wall observed 
          (b) Concrete roof and green roof surface temperature in day time (Local Standard) 
 
  
 
Fig. 5 (a) Heat flux (W/m2) in west wall and green roof before and after living wall  
          (b) Heat gain (W/m2) before and after green roof and living wall application 
 
 
 
Fig. 6 (a) Annual cooling energy (MWh/yr) before and after green roof and living wall  
          (b) Annual cooling energy (KWh/m2pa) based on wall and roof area compared  
  to space area before and after green roof and living wall application  
 
4 DISCUSSION 
 
Examining the results, it is clear that an external living wall application on opaque part of 
west facing wall and an extensive green roof made up of Australian native plant can reduce 
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10-15% cooling energy consumption of commercial building in the sub-tropical climate of 
Australia. However, recorded data from combination of green roof and living wall setup may 
vary in different parts of Australia due to variations of solar radiation and weather condition. 
Again, the results will be more accurate if validated values of thermal conductivity of green 
roofs and living walls are used and the data relevant to green roof and living wall application 
is obtained during summer and winter condition in different orientations of a commercial 
building. So, the results demonstrate the effectiveness of using both a green roof and a living 
wall for cooling energy saving and reducing indoor air temperature in commercial building in 
Australia. 
 
5 CONCLUSIONS 
 
Overall, a combination of living wall on west facing wall and extensive green roof application 
on commercial building can contribute significantly to improve building energy performance. 
Research on thermal conductivity of living walls and green roofs, and the application of living 
walls on fenestration system through analysing of solar radiation needs to be investigated to 
establish more significant savings of cooling energy in the sub-tropical climate of Australia. 
Applying living wall and green roof to commercial building to establish cooling energy 
saving is an important consideration for building designers, owners and operators, who should 
factor the maintenance costs into an effective sustainable technology plan. 
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